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Abstract

We present fluid model simulation results for the edge plasma in the DIII-D tokamak with
unbalanced double-null magnetic configurations, including cross field drifts. Input parame-
ters are typical of low-power operation in DIII-D. For high-recycling the plasma tends to be
detached from all divertor plates. Midplane plasma and electric field profiles are relatively
insensitive to the magnetic imbalance. Divertor heat flux profiles exhibit sharp peaks due
to cross-field drifts when the ion grad-B drift direction is away from the x-point toward the
magnetic axis.

1 Introduction

Most tokamaks are operated in a poloidal divertor configuration to facilitate the re-
moval of particles and heat from the core plasma. A single-null divertor configuration
is commonly used, but there are some potential advantages for double-null configura-
tions which distribute the plasma exhaust over four divertor plates rather than two.
For a conventional lower single-null configuration the maximum heat flux is on the
outboard divertor plate while the maximum plasma density is at the inboard divertor
plate. Cross-field drifts have been shown to play a significant role in defining this
inboard/outboard divertor plasma asymmetry for a single-null configuration [1]. The
asymmetry can be substantially altered by reversing the sign of the toroidal mag-
netic field or by operating the tokamak in an upper single-null configuration. In a
double-null configuration we expect a similarly important role for the cross-field drifts
in determining the inboard/outboard and up/down plasma asymmetries. In a double-
null configuration, the two x-points may not lie on the same magnetic flux surface,
so there will be a primary and secondary divertor, depending on the magnetic im-
balance. One can quantify this imbalance in terms of dRsep [2], the radial distance
between the upper divertor separatrix and the lower divertor separatrix, as measured
at the outboard midplane. In the DIII-D tokamak it is possible to vary the magnetic
configuration in a continuous manner from lower single-null (dRsep < 0) to balanced
double-null to upper single-null (dRsep > 0). In this paper we report results of edge
plasma simulations in double-null configurations with varying degrees of magnetic im-
balance and we include the effect of cross-field drifts. A comparison with experimental
results is deferred to a future publication when more extensive simulation results are
available.
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2 Model

We simulate the edge plasma of a tokamak using the UEDGE code [3]. This is a two-
dimensional multi-fluid model that includes classical plasma transport along field lines
and cross-field drifts together with anomalous radial transport. The self-consistent
electrostatic potential is calculated via quasi-neutrality and current continuity[4]. Al-
though the model can accomodate any number of impurity species, we include only
hydrogenic ions and neutrals in these simulations. The neutrals are described here via
a simple diffusive model. Toroidal symmetry is assumed and the simulation domain,
illustrated in Figure 1, is based on poloidal flux surfaces in the core and edge regions of
the plasma, including all divertor plates. The magnetic flux surfaces are derived from
MHD equilibria that fit the magnetic data for various DIII-D shots and time slices. For
the simulations for this report we use orthogonal meshes in which the divertor plates
are oriented perpendicular to the flux surfaces in the various divertors. The separatrix
strike points are located at the correct positions corresponding to the actual divertor
plates in DIII-D. The “standard” direction of the toroidal magnetic field is out of the
paper in Figure 1, so the ion-grad-B drift is downward toward the lower x-point for
these simulations.

The main inputs for the UEDGE plasma are the total power to the edge plasma at
the core boundary, P, = 2.5 MW, the plasma density on the core boundary, n.,,. =
3x10" m~? (at the 97 % flux surface), the anomalous radial transport coeflicients, D
= x.% = x1" = 0.5 m? sec™!, and the recycling coeflicients at the divertor plates and
walls, R,=0.98 and R,,=0.9. We assume all divertor plates are electrically grounded.
Standard sheath conditions apply at the interface between the plasma and plates.
These input parameters are typical of low-power DIII-D operation.

3 Results

Simulations of full double-null plasmas were first presented in References [5] and [6]
for magnetically balanced configurations. The following results extend that capability
to simulations with varying degrees of magnetic imbalance, including cross-field drifts.
The mesh configurations are based on DIII-D MHD equilibria fit to a series of shots
in which the dRsep was swept continuously from -2 ¢m (lower single null) to + 2 cm
(upper single null). Since the radial scale length of the heat flux profile in the SOL
is typically of order 1 cm or less, we chose to simulate three configurations dRsep =
-1, 0, +1 cm as representative of the experimental scan in dRsep. These simulations
encompass the full double-null geometry, simultaneously including both upper and
lower divertors.

3.1 Divertor Plate Recycling

The divertor plasma parameters are sensitive to the particle recycling coeflicient, 12,
at the target plates. We expect nearly 100% recycling due to rapid saturation of the
carbon divertor plates in DIII-D. However, at low input power (P, = a few MW)
the plasma tends to thermally detach from all divertor plates as R, approaches 100%
and it becomes difficult to find converged steady state solutions with the UEDGE
code. Results of a parameter scan on R, for the magnetically balanced configuration
are given in Figure 2. This figure shows the electron temperature profiles at the lower
outboard divertor plate for various plate recycling coefficients and indicates that the
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plasma is nearly detached (T, < 2eV') for R, = 0.98. We use this value for the dRsep
scan results that follow.

3.2 Midplane Profiles

The plasma density and electron temperature profiles at the outboard midplane are
very similar for all three dRsep configurations as shown in Figure 4. The gradient scale
length for the temperature is about 0.6 cm at the last closed flux surface, considerably
smaller than the dRsep = 41 cm for the unbalanced configurations, so we expect
most of the heat to be conducted to the dominant divertor. The density profile is
considerably broader than 1 cm so the plasma particle flux on the divertor plates may
be less sensitive to dRsep for these cases. The midplane plasma profiles do not appear
to be sensitive to the magnetic configuration parameter, dRsep.

3.3 Divertor Profiles

The heat flux profiles at each of the four divertor plates is plotted in Figure 4. We
superimpose results for the three magnetic configurations with dRsep = -1, 0, +1
cm. The spatial coordinate is mapped back to the midplane and expressed as a radial
displacement from the last closed flux surface. For the magnetically balanced case
(dRsep=0) the peak heat flux in the lower divertor is about four times larger at the
outboard plate compared to the inboard plate. The narrow spike in the heat flux profile
at the upper outboard divertor plate for dRsep=+1 cm is also seen in the electron
temperature (up to 20 eV) and the electrical current density profiles (not shown here).
The high electron temperature means high thermal and electrical conductivity, so it
is not surprising that the electron temperature profile correlates with high heat flux
and electrical current. There is a hint of this same spike in the heat flux profile for the
magnetically balanced case also. For the unbalanced cases one can see a weak heat flux
in the secondary divertor beyond the 1 cm position (where the seconday separatrix
strikes the divertor plate). The temperature of the plasma in the secondary divertor
is less than 2 eV, but the ion density is substantial (n; = 1029m=3).

3.4 Global Power and Particle Balance

The total power deposited on each of the divertor plates is given in Table 1 for the
three magnetic configurations with varying degrees of magnetic imbalance. The total
heat flux across the outboard/inboard portions of the core flux surface is 2.15/0.35 for
dRsep=0 and this splits in the up/down direction differently on inboard and outboard
halves. The surface areas of the outboard/inboard portions of the core are 36/15 m?.
Since the heat flux ratio is about 6 and the surface area ratio is only 2.5, there must
be a significant contribution due to the steeper gradients at the outboard separatrix.
In the absence of cross-field drifts for dRsep=0 we would expect the power to split
equally between upper and lower divertors, but the lower divertor actually gets 1.06
MW versus 0.81 MW for the upper divertor due to the drifts.

There is a net source of particles at the core boundary which flows across the last
closed flux surface and is pumped out of the system at the sidewalls and divertor
plates. For the magnetically balanced case this net ion source from the core is 1200
Amps and flows mainly to the outboard SOL; most of this is pumped at the outboard
divertor plates (300 A at lower plate and 430 A at upper plate).
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dRsep -lcm [ Ocm | +1 cm
Lower-inboard 0.40 |0.22 | 0.07
Lower-outboard | 1.21 | 0.84 | 0.20
Upper-inboard | 0.05 | 0.24 | 0.67
Upper-outboard | 0.15 | 0.57 | 0.86

Tab. 1: Total Power (MW) to Divertor Plates

4 Discussion

The computational mesh for these simulations consists of 110 poloidal zones and 28
radial zones. These zones are distributed non-uniformly over the simulation domain
so as to resolve steep gradients near the divertor plates and x-points. However, steep
gradients observed in the electrostatic potential and electrical current density near the
x-points are only marginally resolved by our mesh, so some details of the solutions
may change with the mesh size.

Radial electric field profiles at the outboard midplane are similar for all dRsep. The
field is negative in the core region and positive just outside the last closed flux surface,
so the sheared radial electric field gives rise to sheared ExB poloidal flow which may
suppress turbulence in the edge plasma.

5 Summary

The results presented here demonstrate our ability to do full double-null simulations
with varying degrees of magnetic imbalance, including the effect of cross-field drifts and
self-consistent electrostatic potential. Future work will focus on a detailed comparison
of simulation results with experimental data. '
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Fig. 1: Simulation domain, separatrices
for dRsep = -1 cm and limiting surface
in the DITI-D tokamak.
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Fig. 2: Electron temperature at the
lower outboard divertor plate for var-
ious R, with dRsep=0.
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Fig. 3: Outboard midplane plasma profiles for dRsep scan.
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Fig. 4: Divertor plate heat flux profiles, Qg (MW/m?) versus
y{(m), for dRsep scan. The spatial coordinate is the radial posi-
tion relative to the separatrix strike point (mapped back to the
midplane). The various profiles are labelled by the dRsep value
for the magnetic configuration.
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